General Neutrino Interactions (GNI) are scalar, pseudoscalar, vector, axial vector or tensor interactions of neutrinos with fermions, and generalise the often studied neutrino Non-Standard Interactions (NSI). If GNI arise from heavy new physics, they should be embeddable into effective field theory operators that respect the Standard Model (SM) gauge symmetry. Therefore we consider a full basis of gauge-invariant dimension-six operators involving SM fermions and righthanded singlet neutrinos and map their Wilson coefficients onto GNI parameters. In this embedding we discuss correlations of and bounds on different GNI in the context of charged lepton flavour violation processes and neutrino-fermion scattering, as well as beta decay and coherent neutrino-nucleus scattering. We also study possible UV completions of the relevant dimension-six operators for GNI via leptoquarks that can be related to radiative neutrino masses and B physics anomalies. Details on the numbers of free GNI parameters for Dirac or Majorana neutrinos and for CP violation or conservation are also provided.
Introduction
As neutrino physics is entering the precision era, structures beyond their Standard Model (SM) interactions can be probed. This paper will focus on new neutrino interactions of scalar, pseudoscalar, vector, axial vector and tensor type, which we will denote as General Neutrino Interactions (GNI). Interpreting GNI as an effect of high scale new physics leads to effective field theories (EFTs) as the suitable framework to describe them in a model-independent way.
Indeed, a subset of GNI has long been parametrised by Wilson coefficients of nonrenormalisable dimension-six operators, namely the so-called Neutrino Non-Standard Interactions (NSI) [1, 2] . Those are vector-type interactions of neutrinos with charged fermions. Like GNI, they are described via EFT operators below the electroweak scale that respect the residual SU(3) C × U(1) em gauge symmetry. On the other hand, in collider physics different EFTs have been established, most prominently the Standard Model Effective Field Theory (SMEFT), which describes physics around and above the weak scale respecting the full SU(3) C × SU(2) L × U(1) Y SM gauge group. In order to compare results, one needs to match the operators of the two EFTs at the weak scale which seperates the respective domains of validity. This has been performed in [3] including all possible operators below the weak scale.
However, it turns out that many of the GNI cannot be produced as a low-energy limit of SMEFT operators. In this work, we therefore extend the SMEFT with righthanded neutrinos N, which we abbreviate by SMNEFT. This is rather well motivated extension, given that neutrinos are massive. We find that indeed almost all GNI can be produced from four-fermion operators in the SMNEFT. Subsequently we investigate in which cases detectable GNI and interesting correlations between different GNI parameters are possible. We choose here coherent elastic neutrino-nucleus scattering (CEνNS) and beta decay as an attractive example. At the example of charged lepton flavour violation (CLFV) searches, we also demonstrate how powerfully charged-fermion observables can constrain deviations from standard neutrino-fermion scattering when interpreted in SM(N)EFT. Finally, we show that viable UV complete scenarios exist that lead to the effective SMNEFT operators after integrating out heavy leptoquarks, some of which are candidates to explain radiative neutrino masses and B physics anomalies.
This article is structured as follows. In section 2, we outline the construction and parametrisation of the low-energy EFT, namely GNI, and the high-energy EFT, namely SMNEFT, before discussing the operator matching. Phenomenological aspects of this matching are discussed in section 3. In particular, we find that constraints on CLFV place strong bounds on some flavour-changing neutrino interactions. On the other hand, we find that interesting correlations between beta decay modifications and distortions of the recoil spectrum in CEνNS could be testable. The UV completions via heavy leptoquarks are discussed in section 4 before summarising and concluding in section 5. 
EFT below and above the weak scale
If one is to consider effects of new physics of some high scale Λ on processes at a lower energy scale µ ≪ Λ in a model independent way the suitable framework is an EFT composed by operators involving the fundamental (or composite) fields relevant at the scale µ and respecting the symmetry structure of the theory at this scale. Effects of the new physics may manifest themselves in non-renormalisable operators of dimension d ≥ 5, such that one can expand
where C i denotes the dimensionless Wilson coefficient of the operator O i , operators of higher mass dimension are suppressed by respective factors of Λ −n , and Λ is considered as the cutoff of the EFT. Here, we will be concerned with dimension-six operators suppressed by Λ −2 . However, we will instead parametrise the Wilson coefficients with respect to the Fermi constant √ 8G F , such that they can be directly compared to the strength of the weak interactions.
In the following, we will specify two such EFTs by introducing GNI as a low-energy example and the effective field theory of the SM above the weak scale (SMEFT) enhanced by right-handed neutrinos as a high-energy example (SMNEFT). Subsequently, we discuss the matching between both descriptions.
General Neutrino Interactions
In this section we consider an EFT of the SM below the weak scale. Namely, dimensionsix operators are composed of the SM fields with masses below the weak scale, that is, leptons, quarks (except for top), photons and gluons which transform under the gauge group SU(3) C × U(1) em . However, we confine ourselves with operators involving neutrinos and exclude photon or gluon couplings. Our notational convention for the fermion and scalar fields is summarised in Table 1 . Imposing Lorentz and gauge invariance under strong and electromagnetic interactions while excluding four-neutrino operators due to their very hard detectability finally leaves the GNI Lagrangians 1
where f = e, u, d, Greek indices run over flavour, V denotes the CKM matrix, and ǫ j , ǫ j , O j , and O ′ j are given in Table 2 . The entries of the ǫ flavour-space matrices are dimensionless and encode the strength of an interaction type j with respect to the SM Fermi interaction. The index j runs from 1 to 10 because there are five Lorentz-invariant operators for general Dirac fermions, but ten for chiral fermions, see Table 2 . Note that we take the second fermionic bilinear of each line, (2) and (3), in the mass basis. Although we did not write a mixing matrix factor in the neutralcurrent term, one should note that in contrast to the SM, the interaction parameters can be different in flavour and mass basis. In the charged-current term, we followed the convention of factoring out explicitly the CKM matrix. However, in general one has to be careful about factors of V when translating the interaction parameters from mass to a particular flavour basis, as discussed in the next section. The fact that we omitted adding the hermitian conjugate in (2) can be accounted for by demanding that
There are a few comments in order about the Lagrangians (2) and (3) . The wellstudied NSI, see [1, 2] for reviews, constitute a subset of the GNI, namely ǫ L and ǫ R , i.e. j = 1, 3; they involve only left-handed neutrinos. All the other operators involve righthanded neutrinos. The effective description by these non-NSI operators is reasonable only for the case of sufficiently light right-handed neutrinos appearing in the interaction, namely either Dirac partners or charge conjugates of the SM neutrinos. Right-handed sterile neutrinos of sufficiently low mass (not necessarily seesaw candidates) could also appear in the interaction. In this article, we will simply assume the existence of at least one such light state and investigate the implications on GNI. For definiteness and simplicity, one may imagine a right-handed electron neutrino.
In the case of Majorana neutrinos or additional symmetries (like charge-parity or flavour), additional constraints can be set on the neutral-current parameters, reducing the number of free parameters considerably. 2 This is discussed in full detail in appendix A. Here we only present the number of free parameters under different assumptions in Table 3 . It is interesting to note that the detection of certain types of interactions which are only compatible with Dirac neutrinos, e.g. flavour-conserving tensor interactions, can rule out the Majorana neutrino scenario, while the Dirac scenario cannot be ruled out in this way [6] [7] [8] . Note that in the charged-current case (3), relations such as in Table 3 in general do not hold.
As a final remark, we note that another attractive property of the scalar and tensor interactions is that in their presence, the magnetic moment of the neutrino could be orders of magnitude larger than in standard scenarios, even within detector reach [9] . This is a consequence of the chirality flipping nature of the interaction, such that the leading diagram involving a charged-fermion loop is no longer proportional to the neutrino mass, but to the mass of the charged fermion, which is orders of magnitude larger.
SMEFT with right-handed neutrinos
In the previous section, we discussed GNI as an EFT below the weak scale, considering dimension-six operators that respect the residual SU(3) C × U(1) em gauge symmetry. However, we know that above the weak scale the full SM gauge symmetry is restored, such that a suitable EFT should respect the SM gauge structure. Accordingly, it should consist of gauge-invariant operators that are built from fields in representations of the full SM gauge group (see Table 1 ). Therefore, as symbolised in (1) Flavourdiagonal and γ = δ = fixed 30 18 21 12 Table 3 : Number of free parameters in the general neutral-current Lagrangian (2) under different assumptions, for fixed charged-fermion type f , either electron-type lepton, up-type quark or down-type quark. By γ = δ = fixed, we mean that we take γ = δ and assign a definite generation number to it. By flavour-diagonal we mean that ǫ αβγδ ∝ δ αβ . Details are found in appendix A.
all the operators present in the SM Lagrangian and, in the case that we expect new physics at a scale higher than the weak scale, effects of such new physics encoded in higher-dimensional operators (d ≥ 5) built from the same fields. This EFT above the weak scale is the previously mentioned SMEFT pioneered in [10, 11] . See e.g. [12] for a review of SMEFT and related concepts. Ideally, one would expect that the GNI Lagrangians (2), (3) emerge as the lowenergy limit of SMEFT. However, as pointed out in [13] , both the GNI ansatz (or the general EFT below the weak scale therein referred to as "weak EFT"), and the SMEFT can be considered on an independent footing, which becomes relevant if there are new particles in the mass range of tens of GeV or if the electroweak symmetry is realised non-linearly in the new physics sector. In this work, however, we will assume that the low-energy theory can be matched to the high-energy EFT and discuss implications of this assumption.
A non-redundant basis of SMEFT dimension-six operators was given in [11] whose notation conventions we adopt here. 3 A subset of these operators is given in the upper parts of Tables 4 and 5 . However, as the SMEFT can only produce a subset of GNI connected with left-handed neutrinos [14, 15] , we also include right-handed neutrino singlets N, which constitute a well-motivated extension of the SM. The additional operators involving right-handed neutrino singlets N were presented in [16] , which we partially rearrange to be more suitable with respect to neutrino interactions. 4 We are interested in those kind of operators that involve interactions of neutrinos, either with gauge bosons and the Higgs, or among four fermions, of which at least one is charged. The four-fermion operators involving neutrinos are listed in Table 4 , and the fermion-boson-mixing operators in Table 5 , where in both cases the SMEFT operators 3 The only change is O are listed in the upper parts, and the operators involving right-handed neutrinos are listed in the lower parts. Apart from those, there exist four-fermion operators for the interactions among four neutrinos, and the two lepton-and baryon-number violating operators
which we are going to neglect here. In the cases where taking the hermitian conjugate results in only a reordering of indices, we would like to omit adding the hermitian conjugate to the given operator and instead impose C αβγδ
for X = ll, lq(1), lq(3), le, lu, ld, Ne, Nu, Nd, Nl, Nq. All other four-fermion operators need explicitly added hermitian conjugates. Concerning the mixed operators, we introduced hermitian Higgs-derivative terms (following [11] )
and take O
Operator matching
Before trying to match the GNI parameters in (2) and (3) to the Wilson coefficients of the operators of Tables 4 and 5 , it is necessary to discuss the flavour basis in which the latter are considered. As discussed in [14] , the fact that the SM gauge interactions are invariant under U(3) flavour rotations, while Yukawa matrices and Wilson coefficients of the dimension-six operators are changed, makes it possible to choose a flavour basis such that the down-type and the (SM) lepton Yukawa matrices are diagonal. In this basis, the transformation between flavour (primed) and mass (unprimed) eigenstates reads
with the CKM matrix V and explicit chirality indices to distinguish components of the left-handed quark doublet q and right-handed singlets u and d. This means that, expanding the operators, wherever a factor of u L appears, a factor of V has to be inserted when changing to the mass basis. One needs to keep in mind that the following expressions and bounds depend on this choice of basis. Unlike in the SM, now the CKM matrix also appears in some neutral currents. For instance, if the left-handed neutral up quark current is contracted with any matrix C in flavour space, the basis change leads to
In the SM this current is coupled to the Z boson flavour-diagonally (C αβ = g u L δ αβ ), such that the mixing matrices cancel due their unitarity. However, for general C as could be induced by SMNEFT operators they do not.
Evaluating the four-fermion operators, we get the leptonic neutral-current contributions shown in the second column of Table 6 . Note, however, that the operators O ll and O le appearing in the coefficients ǫ L,e and ǫ R,e also lead to non-standard chargedlepton interactions and are therefore subject to caution. Therefore we marked them in red and continue this notation in the following. The semileptonic neutral-current contributions are listed in the third and fourth columns, respectively. Finally, we collect the charged-current (semileptonic) contributions in Table 7 . At this stage we can already conclude that interesting interrelations of different operators to different coefficients not involving dangerous operators are possible only in the leptonic segment {ǫ S/P,e , ǫ T,e } and in the semileptonic segment {ǫ S/P,u , ǫ S/P,d , ǫ S,ud , ǫ P,ud }. In the other cases, the correspondence of operators to coefficients is one-to-one in the basis choice of Table 4 . However, typically a mixing between different operators can be induced when considering RG running. Therefore, the absence of an operator at a certain scale does not always imply its absence at all scales. In particular, [17] find that the chargedcurrent (pseudo)scalar and tensor GNI mix as one runs from 2 GeV to the weak scale, Table 6 : Neutral-current general interaction coefficients appearing in (2) and their relation to the (dimensionless) coefficients of gauge-invariant dimension-six four-fermion operators in Table 4 . The columns relate to f = e, u, d, respectively. The indices α, β = e, µ, τ, and γ, δ, µ, ν = 1, 2, 3 denote the generation numbers of leptons and quarks. Interactions which also lead to new interactions among four charged fermions are printed in red.
while the left and right vectors do not mix. A calculation of the RG running of all the GNI and SMNEFT operators is called for, but beyond the scope of this work. Here, we will only discuss low-energy ( 2 GeV) bounds and note that the extension of the results to the weak scale and beyond is potentially subject to RG running and operator mixing.
The additional charged-fermion interactions induced by the operators with coefficients marked in red above can be summarised as
We will discuss, for some examples, how the constraints on these charged-fermion interactions can be used to place strong indirect bounds on neutrino interactions from gauge-invariant operators in the next section. We turn to the mixed operators in Table 5 . Below the electroweak scale, the operators of the form ψ 2 ϕ 2 reduce to corrections to Dirac mass terms of charged leptons and neutrinos and are therefore uninteresting for our purposes. Up next, the ψ 2 Xϕtype operators modify the couplings of neutrinos and charged leptons to the W and Let us conclude this section by making a few comments about the implications of our results. First of all, we note that some GNI are impossible to embed in SMNEFT with four-fermion operators up to dimension six, namely neutral-current tensor interactions with up-type quarks, and the charged-current couplings ǫ R,ud and ǫ L,ud . Secondly, and contrary to frequently made assumptions, in general we should expect that the neutral-current interactions of neutrinos with up-type quarks are different from those with down-type quarks as becomes clear from Table 6 . Finally, since the NSI coefficients ǫ L and ǫ R are either zero or accompanied by charged-fermion interactions of the same strength, they cannot be large (close to the weak scale) from a high-energy EFT perspective. In this respect, those GNI involving right-handed neutrinos are favored, however requiring to go beyond SMEFT by introducing at least either a right-handed Dirac partner for a SM neutrino or a light sterile Majorana neutrino. The only ways to circumvent these conclusions are to either go to higher order in the EFT expansion, or abandon the premiss of the high-energy origin of new physics and introduce new low-energy physics that non-linearly realises the SM symmetries.
Phenomenology
In this section, we investigate some phenomenological implications of the assumption that new neutrino interactions are induced by the gauge-invariant dimension-six operators introduced in the previous section. Considering examples, we demonstrate how the new interactions induced by the "dangerous" operators involving also new chargedfermion interactions generally have to be very small (much below near-future sensitivities) to satisfy current bounds. However, the operators involving light right-handed neutrinos can lead to detectable effects. Note that here we do not consider renormalisation group (RG) running of Wilson coefficients as necessary when considering observables at different energy scales. Instead, we will restrict ourselves to compare low-energy ( 2 GeV) measurements, for instance, beta decays and coherent elastic neutrino-nucleus scattering (CEνNS). Here, we will not consider reactor neutrino oscillation experiments as another source of low-energy data, but refer to [13] for a recent analysis in the context of SMEFT.
Implications of charged lepton flavour violation searches
Several experiments are dedicated to the search for the transition from muon to electron flavour in processes like µ → eee, µ → eγ, or µ → e conversion in nuclei [18, 19] . The maximal size of corresponding neutrino interactions changing from muon to electron flavour is given by the experimental bounds on charged lepton flavour conversion under the assumption that both are induced by the dimension-six operators of Table 4 . Thereby we assume contributions from operators of dimension d > 6 to be subdominant. The current single-parameter bounds (90% CL) on the relevant subset of the dimension-six operators are discussed in the following. We summarise them in Table 8 with respect to GNI coefficients, and in Table 9 with respect to SMNEFT coefficients.
• µ → eee: The relevant coefficients are C µeee ll , C µeee le and C eeµe le and constrained to be at most of order 10 −6 [19] 5 by the results of SINDRUM [20] . Further improvements by up to two orders of magnitude are expected with the upcoming Mu3e experiment [21, 22] , noting that the branching ratio is proportional to the operator coefficients squared. This compares to the current direct bounds on NSI of the order 10 −1 on the related coefficients ǫ µeee L,e and ǫ µeee R,e from ν µ e scattering in CHARM-II [23] [24] [25] . Improvements are expected by about an order of magnitude from ν µ e scattering data at the DUNE near detector [26] . There are no bounds implied by µ → eee on the scalar and tensor interactions ǫ eµee S/P/T,e (cf. Table 6 ), but the direct bounds from CHARM-II calculated in [8] can be applied, namely |ǫ αµee T,e | ≤ 0.04, |ǫ αµee S/P,e | ≤ 0.4 for any single α, which is also expected to improve with DUNE near detector data by a factor of 2-4 [26] .
• µ → e in nuclei: The relevant vector-like operators C eµ11 ld,lu have been constrained in [27] to the order 10 −8 employing results of SINDRUM-II [28] on the rate of µ − Au → e − Au. Extending the results of [27] , we apply the formulae of [29] (Method 1) to constrain also C lq(1) , C lq (3) , and the coefficients of scalar operators C elqd and C eluq with index structures eµ11 to all be of order 10 −7 . Even stronger bounds are expected from the Mu2e experiment [30] . This compares to direct bounds on ǫ eµ11 L,q and ǫ eµ11 R,q at the order of 10 −2 from evaluating neutrino-nucleon scattering data of CHARM and CDHS [2, [31] [32] [33] . The scalar charged-current interactions can be most stringently constrained from pion decay, |Re(ǫ eµ11 S,ud )| 10 −3 , |Re(ǫ eµ11 P,ud )| 10 −4 , where the difference is due to the ratio of π → eν(γ) to π → µν(γ) being very sensitive to pseudoscalar and axial couplings [33] .
• µ → eγ: Through a one-loop diagram, the coefficients C µµµe,eµµµ le and C µτ τ e,eτ τ µ le contribute to this decay channel. The bounds on these coefficients from MEG [34] are of the order 10 −6 -10 −7 [19] . The related ǫ-coefficients involve NSI with muons and taus instead of electrons. We are not aware of a study of quantitative bounds on this type of interaction.
If we consider operators with tau flavour indices, however, for instance tau decays like τ → µµµ and τ → eee, constraints are somewhat weaker, but still beyond the typical sensitivity of neutrino experiments:
• τ → µµµ: The relevant coefficients are C τ µµµ ll , C µτ µµ le , C µµµτ le and constrained to be at most of order 10 −4 by the results of Belle [19, 35] . These operators would give rise to NSI of neutrinos with muons and taus.
• τ → eee: The relevant coefficients are C τ eee ll , C τ eee le , C eeτ e le and constrained to be at most of order 10 −4 also by the results of Belle [19, 35] . These give rise, in particular, to tau-electron flavour-changing NSI with electrons, ǫ τ eee L,e , ǫ τ eee R,e . Direct bounds on such interactions are at the order of 10 −1 coming from e + e − → ννγ data of LEP [23] .
In summary, dimension-six operators that can lead to lepton flavour changing NSI of the type ǫ L/R and exotic charged-current interactions of the type ǫ S/P/T,ud of left-handed neutrinos with the first generations of charged fermions are highly constrained. We conclude that in neutrino experiments the prospects of detecting exotic (pseudo)scalar or tensor interactions ǫ S/P/T are better in the sense that less of the parameter space is already ruled out by neutrino-independent measurements. This conclusion relies on the invoked high-energy origin, and, conversely, the detection of such interactions would strongly hint towards more exotic new physics scenarios. Finally, let us remark that considering flavour-conserving coefficients in SMEFT, a few subtleties become relevant: When interpreting the SM as an EFT, it is in general not sufficient to fix SM parameters from measurements and subsequently study the effect of higher-order operators. Instead, if a SM parameter is determined from a certain physical process that also has a contribution from new operators, it needs to be rescaled to include the corresponding Wilson coefficient. As a famous example, the Fermi constant G F is usually determined by muon decay and as such would include a contribution from O eµµe ll . Since the weak interactions respect lepton flavour, flavour-diagonal operators are especially prone to being absorbed into definitions of SM parameters, requiring a global analysis. Such an analysis of all flavour-diagonal SMEFT four-fermion operators was carried out in [38] , to which we refer for details. Spotlighting neutrino interactions with charged leptons, their results imply typically order 10 −2 bounds, while the strength of neutrino-quark interactions can strongly vary depending on the direction in parameter space. 6 
Exotic interactions in coherent scattering and beta decay
Based on the observation that interesting correlations between the sets of coefficients {ǫ S/P,u , ǫ S/P,d , ǫ S,ud , ǫ P,ud } and {ǫ T,d , ǫ T,ud } exist, involving the operators O lN uq and O lN qd , and O ′ lN qd respectively, we investigate the prospects of observing such correlations between different experiments. Note that by analogy to the operator structure ǫ S,ud , ǫ P,ud , ǫ T,ud considered in [40] , we would expect a mixing of the GNI parameters when considering RG running although to our knowledge no calculation of those effects has been performed. 7 Clearly, the charged-current operators in (3) would have an effect on beta decay [40] [41] [42] . Taking first-generation indices on the quark side, electron index for the charged lepton, and only the scalar coefficients, one has
This expression would be relevant not only for nuclear beta decays but also for charged pion decay which indeed yields the strongest direct bound on ǫ P,ud , as expanded below.
Excitingly, a new way to probe the neutral-current operators, has recently become feasible, namely coherent elastic neutrino-nucleus scattering (CEνNS) [43] which was successfully observed by COHERENT [39] in the partially coherent regime. Reactor neutrinos are a very interesting source, since they allow to measure this process in the fully coherent regime, as currently pursued for instance by the CONUS collaboration [44] . In the context of reactor neutrinos (electron antineutrinos) the sensitivity is also towards first generations,
(13) The impact of general interactions on the CEνNS cross-sections has been calculated in [45] . The result of only the (pseudo)scalar and tensor sectors reads
where M and T denote the mass and recoil energy of the nucleus, E ν the neutrino energy, and we neglected terms of higher order in T /E ν . For a nucleus of atomic mass A and atomic number Z, the parameter ξ S is given by
with [46] 
where N = A − Z is the neutron number, F n and F p are the appropriate form factors of neutron and proton (typically assumed to be equal) as functions of energy transfer Q, and f n T q and f p T q are related to the fraction of nucleon mass the given quark type contributes and calculated in chiral perturbation theory [47] . The interaction parameters C
are a simple reparametrisation of the ǫ j,q , ǫ j,q , given by Equation (57) in appendix A. In particular,
The definition of D P is the same as (16) , with C (q) S replaced by D (q) P . Since we would like to consider the results of [46] , we use the same values for the parameters
taken from [48] . The tensor parameter ξ T is given by
where
with, again, fundamental interaction parameters C q T , D q T related to ǫ T , ǫ T in (57) . We neglect the effect of D T since it is related to the spin-dependent part of the cross-section related to ǫ T − ǫ T , and use for the tensor charges δ n q , δ p q the same values as in [46] , namely δ p u = 0.54 , δ n u = −0.23 ,
taken from [49] . We remark that there are relatively large uncertainties on these parameters, such that the values we extract below should be interpreted as estimates.
In the following, we compare the sensitivity of beta decay experiments on the interactions (12) to the sensitivity of CEνNS experiments on the interactions in (13), assuming they are induced by the gauge invariant operators O lN uq , O lN qd , and O ′ lN qd . Since the flavour of the outgoing neutrino is not measured in both cases, one may as well take β = e here, assuming Dirac neutrinos. 8 We consider three scenarios, first the minimal scenario of one non-vanishing scalar operator, second the scenario of both scalar operators non-vanishing and correlated, and third the scenario of only the tensor operator O ′ lN qd .
Single operator lNuq
If we consider only C ee11 lN uq non-vanishing, the following simplified relations are derived from Tables 6 and 7 :
To simplify notation, in the following we will drop the ee11-superscript. Using (22) and assuming F n = F p = F , (16) simplifies to
and likewise for D 
Bounds from the COHERENT experiment have been derived in [46] assuming equal Helm form factors for proton and neutron. It has been pointed out that this assumption introduces rather large uncertainties for momentum transfers Q ≥ 20 MeV as is the case of COHERENT, while reactor neutrino experiments such as CONUS are safe from such large uncertainties [50] . Neglecting those for now, we can estimate the current bound on ǫ ee11 S,u from the bound on ξ S . From [46] we quote
employing CsI as target material and assuming no lepton flavour dependence, i.e. ǫ ee11 = ǫ µµ11 . Taking N = 77.9, Z = 55 for Caesium nuclei, and N = 73.9, Z = 53 for Iodine nuclei, we obtain
which amounts to |ǫ ee11 S,u | ≤ 0.015 at 90% CL, |ǫ ee11 S,u | ≤ 0.026 at 99% CL.
Note that relaxing the assumption of no lepton flavour dependence would weaken this bound since the majority of neutrinos in the COHERENT beam are of muon flavour [46] . This would not be the case for the electron-flavoured reactor neutrinos. Indeed, as an outlook to the near future, we consider that in [45] , future bounds are projected to be ξ S /NF ≤ 0.21 at 3σ for a Germanium target and reactor neutrinos. This translates into
and we take also N = 40.6, Z = 32 for Germanium, as well as F 2 (Q) = 1, which is sufficiently accurate for reactor neutrino energies and keV-scale energy transfers. We find |ǫ ee11 S,u | ≤ 2 × 10 −4 .
Next we would like to compare this to the bounds on charged-current interactions. We quote the low-energy bounds (2 GeV) of
at 90% CL, where the first bound is obtained from the aforementioned ratio between the rates of pion decay to electron and to muon [33] , and the second bound is taken from a recent global fit of nuclear and neutron beta decay data [40] . The bounds implied for the Wilson coefficient C lN uq only differ by the mixing matrix correction |V ud | = 0.97420 [51] , namely |C lN uq | ≤ 1.5 × 10 −2 from CEνNS, |C lN uq | ≤ 3.9 × 10 −4 from beta decay,
at 90% CL, where we quadratically added the bounds on real and imaginary parts (30) in the second line. So unfortunately with only O lN uq , the Wilson coefficient responsible for ǫ S,u , ǫ P,u is constrained to be too small as to be probed in the near future in CEνNS. According to Table 7 , this could be alleviated in the case that also O lN qd is present with a Wilson coefficient of opposite sign, but similar magnitude. Indeed, we would conclude
One should keep in mind that such a relation, if true at one scale, is expected to be violated at other scales when considering RG running. Equation (32) would imply ǫ S,d = ǫ P,d to be non-vanishing and of the same magnitude, a case which we cover in the next subsection.
Correlated operators lNuq and lNqd
As discussed in the previous section, a large ( 10 −4 ) magnitude of ǫ ee11 P,ud is excluded. Hence C ee11 lN uq must be small, unless the relation (32) holds. In this case, we would conclude that
We will again drop the ee11 superscript. This situation should be compared to the new composition of ξ S in coherent scattering. In an analogous calculation to the previous subsection, we use
and (25) to obtain
at 90% CL, where in the second line we also translated the relevant beta decay bounds from [40] as quoted in (30) . This shows that bounds from beta decay and coherent scattering are currently at the same order of magnitude, assuming the scalaronly charged-current scenario. We estimate the discovery potential at a near-future Germanium-based reactor experiment as in the previous section by applying the 3σbound of ξ S ≤ 0.21 from [45] to the case at hand, (33) , and find
We conclude that there is potential to discover those interactions in future beta decay surveys and coherent scattering experiments, and that if both are found, that would constitute a clear hint on the operator structure composed of both O lN uq and O lN qd .
Single operator lNqd ′
Analogously to section 3.2.1, we assume only C ′ ee11 lN qd to be non-vanishing, which leads to
Since there are now only neutral-current interactions with down quarks, (19) reduces to
Using (57) together with (4), we can relate this to the ǫ coefficients via
to conclude This compares to the current bound from beta decays [40] | ǫ ee11 T,ud | ≤ 0.024 at 90% CL,
which is currently stronger by a factor of four. Projecting to near-future reactor-based Germanium experiments, ξ T /NF ≤ 0.25 [45] , we find
which would be competitive with beta decays. Recall, however, that here we did not account for uncertainties in the tensor charges δ n q and δ p q which could weaken this projection, in particular in the case that δ n d is lower than the central value.
Leptoquark models as UV completions
Currently there is a renewed interest in TeV-scale leptoquark scenarios mainly inspired by the mild deviations from the SM expectation of B meson decays, see e.g. [52] [53] [54] [55] . They also appear in certain radiative neutrino mass models, e.g. [56] [57] [58] [59] and naturally arise in grand unified theories. Here, we are mainly discussing leptoquarks to demonstrate that the effective operators of section 2.2 can be generated consistently in UV complete models. Including sterile neutrinos, the following general Lagrangian of fermions with possible scalar and vector leptoquarks can be obtained, which includes a few additional options with respect to the list in [60] . Like therein, we distinguish leptoquarks with fermion number F = 3B + L = 0 and F = 2, where B denotes baryon number and L denotes lepton number:
With respect to [60] , the identification reads
while S ′′ 1 and U ′′ 1 are new. We list their quantum numbers in Table 10 . In general (not assuming baryon number conservation), there are additional couplings to be considered for some leptoquarks:
which, together with (44) may lead to proton decay, such that to avoid strong bounds usually baryon number conservation is assumed. 9 Assuming large masses, those leptoquarks can potentially lead to the operators in Table 4 after integrating them out.
We will not discuss all details, but list which leptoquarks can lead to which operators, assuming only one leptoquark type being present at a time, in the rightmost column of Table 10 .
We would like to draw attention to a particular combination of two leptoquarks. It has been found that, on the one hand, introducing S 1 (or S 3 ) and physics anomalies, and on the other hand radiative neutrino masses could be generated at one-loop level [61] , where the couplings of (47) are avoided by assuming baryon number conservation. This is possible because the particular quantum numbers allow for a coupling term
and similarly for S 3 . In fact this is the only combination of two scalar (color-triplet) leptoquarks that can generate radiative neutrino masses without a second copy that appears in a 3-leptoquark coupling [59] . 10 Considering (44) and (45), the only other combination which admits a one-loop neutrino mass via a coupling like (48) is constituted by the two vectors U 1 and V ′ 2 , as discussed in [57] . Now it is an interesting observation that it is exclusively S 1 and R ′ 2 that potentially produce the operators O lN qd and O ′ lN qd responsible for ǫ S/P/T,ud and ǫ S/P/T,d . Meanwhile the other combination, U 1 and V ′ 2 are the only ones giving rise to the operator O lN uq responsible for ǫ S/P,ud and ǫ S/P,u . Namely, it is precisely the leptoquarks that are able to produce radiative neutrino masses which can produce those semileptonic (pseudo)scalar and tensor operators that are safe from constraints from charged-lepton interactions (the operators in Table 6 and Table 7 
where we use s * 1L ∼ 10 −3 and m 2 S 1 ∼ 1 TeV motivated by the radiative neutrino mass scenario in [61] . This corresponds to a scenario similar to the one described in section 3.2.1, just with C lN qd taking the role of C lN uq , combined with the scenario of section 3.2.3. Applying the direct bounds (30) and (42) 
Hence, with an order one or smaller coupling s 1,N of sterile neutrinos to S 1 , this scenario can plausibly generate pseudoscalar neutrino interactions which are compatible with current beta decay bounds but close enough to be potentially detectable in the near future. On the other hand, at the same time the tensor interactions would then also be of order 10 −4 and thus two orders of magnitude below the current limit (42) .
The setup described in section 3.2.2 with both C lN qd and C lN uq being larger order than 10 −4 and cancelling in ǫ ee11 P is very unlikely to be realised together with the radiative neutrino masses due to (49) . However, if we abandon the requirement that radiative neutrino masses are produced by the same leptoquark as the GNI, the twooperator scenario of section 3.2.2 can in principle be realised with suitable couplings of e.g. S 1 and V ′ 2 .
Conclusions
In this article, we investigated General Neutrino Interactions as parametrised in Eqs. (2, 3) , which describe all possible Lorentz-invariant neutral-and charged-current interactions with other SM fermions. We discussed the properties of those interactions under the assumption that they originate from gauge invariant dimension-six operators composed of four SM fermion representations and (light) sterile neutrinos. Those operators parametrise heavy new physics above the weak scale. We found that almost all General Neutrino Interaction parameters can be generated in this way, in contrast to SMEFT without sterile neutrinos. Considering phenomenological aspects, we demonstrated that, in this framework, constraints on CLFV forbid sizable neutrino flavour changing vector-like interactions, while some chirality flipping scalar-and tensor-like interactions are still viable. On the other hand, we showed that there can be interesting and potentially detectable correlations between scalar and tensor interactions of neutrinos with the first generation of quarks. In particular, the same operators can generate neutral-current interactions detectable in CEνNS, and charged-current interactions detectable in beta decays. Finally, we discussed that the operators responsible for GNI can originate in UV-complete models from heavy leptoquarks. We conclude that viable scenarios implying new neutrino interactions of scalar and tensor type detectable at low-energy experiments exist. At the same time vector-like NSI are generally constrained below near-future detector reach in SMEFT scenarios. In phenomenological analyses of low-energy data, all GNI should be included.
for generic Dirac spinors ψ α , ψ β . The two parametrisations are related by
where flavour indices are suppressed. Note that the relation between the two parametrisations is the same for charged-current interactions.
The following properties of the coefficients under particular assumptions can be straightforwardly derived. C a αβγδ = C a βαγδ , D a αβγδ = D a βαγδ , a = S, P, A ,
B Details on the Higgs-fermion operators
In this section, we summarise the effects of the mixed operators in the third column of Table 5 . If the operators are evaluated at the Higgs vacuum expectation value, one finds the following modified weak interaction Lagrangians,
where g denotes the SU(2) L gauge coupling and c W the cosine of the weak mixing angle. The modified currents read
+ 2s 2 W δ αβ e α γ µ P R e β + j µ Z,q , j µ W = (2δ αβ + 4C αβ ϕl(3) )ν α γ µ P L e β + 2C αβ ϕN e N α γ µ P R e β + j µ W,q ,
and we included all SM contributions, j Z,q and j W,q denoting the SM quark currents. Note that two distinctively new features arise, namely a right-handed charged-current coupling to W , and a right-handed neutrino neutral-current coupling to Z.
These modified couplings result in the following low-energy four-fermion interaction parameters (at first order in operator coefficients). It is useful to employ the SM gauge boson couplings g e L = − 
The left-handed quark neutral-current coupling and the right-handed neutralcurrent couplings to f = u, d, e arise simply (and all simultaneously) from the modified Z coupling of neutrinos, ǫ αβγδ L,q = 2g q L δ γδ C αβ ϕl(3) − C αβ ϕl (1) ,
where q = u, d. Also simultaneously the modified Z coupling induced by O ϕN results in
The right-handed W coupling induced by O ϕN e implies ǫ αβγδ S,e = ǫ αβγδ P,e = 2δ βγ C αδ ϕN e , ǫ αβγδ L,ud = (C βα ϕN e ) * δ γδ ,
and finally another semileptonic charged-current term arises, ǫ αβγδ L,ud = 2δ γδ (C βα ϕl(3) ) * .
We note that besides the neutrino interactions, the left-handed electron coupling to Z is affected by two operators, namely
i.e. g e L gets replaced by a flavour dependent coupling (g e L ′ ) αβ in all neutral-current fermionic interactions. Note also, however, that a cancellation of Wilson coefficients may suppress this modified coupling.
